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Abstract
We report on the results of a radiation campaign with neutrons and protons
of Low Gain Avalanche Detectors (LGAD) produced by Hamamatsu (HPK)
as prototypes for the High-Granularity Timing Detector (HGTD) in ATLAS.
Sensors with an active thickness of 50 µm were irradiated in steps of roughly
2× up to a fluence of 3 × 1015 neqcm−2. As a function of the fluence, the
collected charge and time resolution of the irradiated sensors will be reported
for operation at -30◦C.
Keywords: Low Gain Avalanche Detector, Radiation, Timing detector
1. Introduction
The High-Luminosity Large Hadron Collider (HL-LHC) will reach the
instantaneous luminosity up to 7.5×1034 cm−2s−1 around 2027. The ATLAS
experiment is scheduled to upgrade during the Long Shutdown 3 (LS3) from
2025 to 2027 to cope with the higher luminosities. One direct consequence
of the high luminosity is the multiple collisions for single bunch crossing,
so-called pile-up events. To mitigate the pile-up effects, ATLAS proposed
the design of a High Granularity Timing Detector (HGTD) to enhance the
Phase-II silicon-based Inner Tracker (ITk) [1, 2] in the forward region. The
target average time resolution for a minimum-ionising particle (MIP) is 30 ps
to 50 ps per track during the HL-LHC operation.
The nominal HL-LHC operation will have around 200 pile-up for the same
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bunch crossing. The HGTD is designed to cope with 200 pile-up for a total
integrated luminosity of 4000 fb−1. It will be located in the gap between the
barrel and the end-cap calorimeters, at ±3.5 m from the interaction point.
The two vessels outside the ITk volume are shown in Fig. 1.
As the HGTD is placed in the forward region of ATLAS detector, it is cru-
cial for the sensors and electronics to maintain adequate radiation hardness.
For the data taking of the HL-LHC running, the maximum nominal neutron-
equivalent fluence at a radius of 12 cm should reach 5.6× 1015 neqcm−2 and
the total ionizing dose (TID) about 3.3 MGy. With a safety factor of 1.5 for
the sensors and 2.25 for the electronics which are more sensitive to the TID,
the detector would need to withstand 8.3× 1015 neqcm−2 and 7.5 MGy.
The HGTD is designed with 3 rings as “inner”, “middle”, and “outer”
with boundaries from 12-23 cm, 23-47 cm, and 47-64 cm, respectively. The
inner ring is designed to be replaced every 1000 fb−1, the middle ring to be
replaced at 2000 fb−1, and the outer ring never to be replaced until 4000 fb−1.
A simulation of the radiation levels for three rings is shown in Fig. 2. It can
be seen that the maximum fluence and TID will be 2.5 × 1015 neqcm−2 and
2.0 MGy respectively. The final radial transition between the three rings
for the complete detector layout will be done after the ITk layout and the
re-evaluation of radiation hardness of the final sensors and ASICs.
2. Low Gain Avalanche Detectors (LGAD)
To meet the above mentioned irradiation requirement, the selected tech-
nology for the HGTD sensors is Silicon Low Gain Avalanche Detectors (LGAD)
with a baseline active thickness of 50 µm. The target gain (charge) for a MIP
3
Figure 1: Position of the HGTD within the ATLAS detector. The HGTD acceptance is
defined as the surface covered by the HGTD between a radius of 12 cm and 64 cm (the
three inner rings) at a position of z = ±3.5 m along the beamline, on both sides of the
detector. The green (color online) ring are the peripheral electronics.
is 20 (10 fC) at the start and 8 (4 fC) at the end of lifetime.
LGADs are segmented planar Silicon detectors with internal gain [3] as
sketched in Fig. 3. The design is based on a modification of the doping
profile where an additional doping layer of p+ material (Boron or Gallium)
is introduced close to the n-p junction, which will give a charge gain of 10-
20 [4]. Since the multiplication mechanism starts for electrons at a lower value
of the electric field than holes and since p-bulk material is more radiation
hard, the n-in-p design offers the best control and better stability over the
multiplication process.
The LGADs are pioneered by the Centro Nacional de Microelectro´nica
(CNM, Barcelona) [4] and developed within CERN-RD50 community [5] also
in collaboration with LGAD vendors as Hamamatsu Photonics (HPK, Japan)
and Fondazione Bruno Kessler (FBK, Italy). Other sites such as Micron
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Figure 2.15: Expected Si1MeVneq radiation levels in HGTD, using Fluka simulations, as a function of
the radius considering a replacement of the inner ring every 1000 fb 1 and the middle ring replaced
at 2000 fb−1. For the radiation levels, the particle type is included and the contribution from charged
hadrons is included in ’Others’. These curves included a factor of 1.5 to account for simulation
uncertainty. An additional factor of 1.5 is applied to the TID to account for low dose rate effects on
the electronics, leading to a SF = 2.25.
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Figure 2.15: Expected Si1MeVneq radiation levels in HGTD, using Fluka simulations, as a function of
the radius considering a replacement of the in er ing every 100 fb 1 and the middle ring replaced
at 20 fb−1. For the radiation levels, the particle type is included and the contribution from charged
hadrons is included in ’Others’. These curves included a factor of 1.5 to account for simulation
uncertainty. An ad it onal factor of 1.5 is ap lied to the TID to account for low dose rate effects on
the electronics, leading to a SF = 2. 5.
18 11th March 2020 – 10:52
Figure 2: Simulated neutron-equivalent fluence (left) and total ionizing dose (right). Ex-
pected Silicon (Si) 1 MeVneq radiation levels in HGTD, using Fluka simulations, as a
function of the radius considering a replacement of the inner ring every 1000 fb−1 and the
middle ring replaced at 2000 fb−1. For the radiation levels, the particle type is included
and the contribution from charged hadrons is included in ‘Others’. These curves include
a factor of 1.5 to account for simulation uncertainty. An additional factor of 1.5 is applied
to the TID to account for low dose rate effects on the electronics, leading to a SF = 2.25.
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(UK), Brookhaven National Lab (BNL, US), and Novel Device Laboratory
(NDL, China) are also in the process of producing the sensors.
In this paper, we concentrate on one HPK prototype LGAD production,
labeled HPK-3.2. It has an active thickness of 50 µm and depth of 2.2 µm
gain layer with Boron dopant. To avoid duplication, more details about its
layout, doping and pre-rad performance can be found in [6].
Figure 3: Sketch of the cross section of a LGAD with a charged particle passing through
the gain layer. On the left side a qualitative profile of the electrical field amplitude is
shown, where the peak is located in the same region of gain layer in which the avalanche
happens.
3. Radiation damage and irradiations
In the innermost region of HGTD (r < 23 cm), the radiation field is
roughly equal for neutrons and charged hadrons, while in the outer regions
the field is dominated by neutrons due to backscatter from the adjacent
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calorimeters. The maximum fluence from charged particles is around 1 ×
1015 neqcm
−2 and for neutron 2× 1015 neqcm−2.
Radiation damage in Silicon mainly results in the change of the effective
doping concentration, increase of the leakage current and charge loss due to
trapping and recombination [7]. For LGADs, one of the main effects is the
degradation of gain due to acceptor removal effect [8, 9].
To study the LGAD performance after irradiation, sensors have been
irradiated up to a fluence of 3×1015 neqcm−2 at various facilities with different
particle types and energies. The facilities relevant in this paper are JSI [10]
in Ljubjana with 1 MeV neutron (hardness factor 0.9, uncertainty 10%) and
CYRIC [11] in Japan with 70 MeV proton (hardness factor 1.5).
4. LGAD performance before and after irradiation
The HPK LGAD sensors have been tested before and after irradiation by
various HGTD groups. The pre-irradiation measurements including current-
voltage (I-V) and capacitance-voltage (C-V) characteristics as well as the
distance between the two multiplication layers of adjacent pads (inter-pad
gap) regions can be found in [6].
The charge collection of the LGADs are measured with 90Sr β-source
(setup see Sec. 4 in Ref. [12]) a read-out board with a 4700 Ω trans-impedance
developed by UCSC [13]. The laboratory setup consists of alignment frame
and climatic chamber than can be operated at −30◦C. The trigger and time
reference is provided by another well-calibrated LGAD with a resolution of
35 ps at room temperature [12].
Fig. 4 shows the collected charge as a function of bias voltage before
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and after neutron and proton irradiation up to 3 × 1015 neqcm−2 for HPK-
3.2. It is evident that before irradiation, a much lower bias is sufficient
to collect a higher charge. As the fluence level goes higher, the sensor’s
capability to collect charge is dropped even with higher bias voltage because
of the reduction of space charge density in the gain layer due to the acceptor
removal effect. A stronger acceptor removal effect for proton irradiation than
neutron irradiation for the same fluence is also noticeable due to the higher
fraction of point defects in the proton irradiation [14]. A charge of 4 fC was
found to be the lower limit that still satisfies the HGTD science requirements.
For comparison, a previous prototype HPK-1.1 with 35 µm active thickness
did not satisfy the 4 fC collected charge requirement at the highest fluence
as shown in Fig. 5.
It had been observed that sensors irradiated with proton show higher
acceptor removal rate than neutron irradiated sensors at the same fluence
[8, 9], which is also consistent the results shown in Fig. 4. This studies will
be followed up by irradiations with higher energy charged hadrons and mixed
neutron-proton irradiations for a realistic estimation with the expected final
particle composition.
The time resolution σt is determined by: σ
2
t = σ
2
Landau noise + σ
2
Jitter +
σ2Signal distortion+σ
2
T ime walk, where the main contributions are the two leading
terms. The “Landau noise” is caused by the non-uniform energy deposition
of ionization. The jitter is proportional to the rise time, the noise and the
inverses of the gain. The signal distortion and the time walk can be mitigated
by the geometry of sensor and the constant fraction discriminator (CFD)
method respectively. For detailed study of these terms can be found in [3]
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Figure 4: Collected charge as a function of bias voltage for different fluences for HPK-
3.2. The horizontal line indicates the HGTD lower charge limit of 4 fC at all fluences.
Solid markers indicate n irradiation (n), open markers p irradiation at CYRIC (pCy).
The numbers in the legend are the fluences with unit neqcm
−2, and C stands for ◦C.
Measurements were performed at -30◦C except for the pre-rad measurement that was
done at 20◦C.
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Figure 5: Collected charge as a function of bias voltage for different fluences for HPK-
1.1 (active thickness 35 µm) and HPK-3.2 (active thickness 50 µm). The horizontal line
indicates the HGTD lower charge limit of 4 fC at all fluences. The HPK-1.1 did not
satisfy the charge requirement for highest fluence. Solid markers indicate n irradiation
(n). The numbers in the legend are the fluences with unit neqcm
−2, and C stands for
◦C. Measurements were performed at -30◦C except for the pre-rad measurement that was
done at 20◦C.
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and various beam tests [13, 15, 16].
Time resolution of HPK-3.2 was measured in the β-telescope after irra-
diation with 1 MeV neutrons at JSI and 70 MeV protons at CYRIC. The
results shown in Fig. 6 indicates that a time resolution of less than 70 ps
can be achieved up to the highest fluence of 2.5 × 1015 neqcm−2 to fulfill
the requirement of HGTD but with bias voltages larger than 700V for the
highest fluences. The reduced time resolution performance for HPK-3.2 be-
fore irradiation was mainly due to early breakdown and the sensor has to be
operated at low bias which resulted in non-saturated carrier velocity [6].
It is also noticeable the curvature of the time resolution drop for 2.5 ×
1015 neqcm
−2 and 3 × 1015 neqcm−2 neutron are different than others. The
exact reason is unknown, but with more irradiation fluence in the future, it
will be an interesting point to follow up.
5. Summary
In order to cope with the pile-up challenge of HL-LHC, the LGAD sensors
are proposed to be used for the ATLAS HGTD, with radiation tolerance
requirement of 2.5× 1015 neqcm−2 of fluence and 2 MGy of TID. One LGAD
prototype developed by HPK with thickness 50 µm has been irradiated up
to the 3 × 1015 neqcm−2. The measured charge collection of 4 fC and time
resolution of better than 70 ps at the highest fluence fulfill the operation
requirement of HGTD. Further studies will be performed with LGADs from
other vendors as well as dedicated readout ASICs.
11
Figure 6: Time resolution as a function of bias voltage for different fluences for HPK-3.2
sensors measured on custom-made HGTD-specific readout boards. Solid markers indicate
n irradiation (n), open markers p irradiation at CYRIC (pCy). The red line represents
the maximum allowed time resolution (70 ps) in the lifetime of HGTD. The numbers in
the legend are the fluences with unit neqcm
−2, and C stands for ◦C. Measurements were
performed at -30◦C except for the pre-rad measurement that was done at 20◦C.
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